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Modern theories of conductance, especially those developed by Peter J. W. Debye, Lars Onsager, and Raymond M. Fuoss are or will be used in the critical evaluation of the data, in particular for the determination of limiting equivalent conductances. Also when the available data are of sufficient accuracy, modern theories will be used to determine apparent "ion-size" parameters; such determinations will not be made in the present document, however. In general, the data on equivalent conductances will be presented in tables. Equations, based in part on theory, which give equivalent conductances as a function of concentration will also be included. In some cases, empirical equations will be used in the entirety, but these will reproduce the experimental results which are, in essence, the essential product desired by the user. For example, empirical equations are used to express the conductances of HC1 at -10 and -20°C; in the limit of zero concentration the solutions are solid, i.e., in the frozen state.
In the present document, definitions relating to the conductance of electrolytic solutions are first presented. These are followed by some general considerations of the migration of ions and general laws governing the movement of ions under applied potential gradients as are in- The Debye Glossary of symbols 32 V -, I ss 1. Definitions 
and Symbols
Conductance, cr -The conductance of a conductor of electricity is the reciprocal of its electrical resistance ( R ) and its unit is the reciprocal "absolute" ohm, ohm -1 , or mho. Specific conductance, cr sp -The specific conductance, or conductivity, of a conductor of electricity is the conductance of the material between opposite sides of a cube, one centimeter in each direction. The unit of specific conductance is ohm -1 cm -1 or mho cm -1 . Electrolytic cell constant, Jc -The cell constant of an electrolytic cell is the resistance in ohms of that cell when filled with a liquid of unit resistance.
Equivalent conductance.
A -The equivalent conductance of an electrolytic solution is the conductance of the amount of solution that contains one gram-equivalent of a solute (or electrolyte) when measured between parallel electrodes which are one centimeter apart and large enough in area to include the necessary volume of solution.
Equivalent conductance is numerically equal to the conductivity multiplied by the volume in cubic centimeters containing one gram-equivalent of the electrolyte. The unit of equivalent conductance is ohm -1 cm 2 Transference (or transport ) number, t -The transference number of each ion of a solute (or electrolyte) in an electrolytic solution is the fraction of the total current carried by that ion, and is given by the ratio of the mobility of the ion to the sum of the mobilities of the ions of the solute constituting the electrolytic solution.
Interionic attraction -The electrostatic attraction between ions of unlike charge (sign).
Interionic repulsion -The electrostatic repulsion between ions of like charge (sign). Ion atmosphere (or continuous charge distribution)-In the electrostatic effects between ions the term ion atmosphere denotes a continuous charge distribution, or charge density, p (r), which is a continuous function of r, the distance from the reference ion, rather than a discrete or discontinuous charge distribution. The ion atmosphere extends from r-a to r-0(V lls )~°°, where V is the volume of the system, and acts electrostatically somewhat like a sphere of chargee at a distance, k -1 , from the reference ion of charge -fie (see below for definition of k -1 ).
Thickness or average radius of ion atmosphere, k -1 -The average distance of the ion atmosphere from the reference ion in angstrom units. This average distance decreases in magnitude with the square root of the ionic concentration. Mathematically, /c -1 is the distance at which the average charge, dq, in a spherical shell of volume 4>nr 2 dr reaches a maximum using the continuous density, p (r), approximation.
Ion size or " ion-size " parameter, a (or a,) -The ion size is formally considered to be the sum of the ionic radii of the oppositely charged ions in contact. The ion size is also called the "distance of closest approach" of the ions, or the "ion-size" parameter. Generally the ion size is greater than the sum of the crystal radii, and the "ion-size" parameter may include several factors which contribute to its numerical value.
Electrophoretic effect -The slowing down, owing to interionic attraction and repulsion, of the movement of an ion with its solvent molecules in the forward direction by ions of opposite charge with their solvent molecules moving in the reverse direction under an applied electrical field (potential gradient).
Relaxation-field effect-The delay in the ion atmosphere in maintaining its symmetry around a central ion as the central ion moves in the forward direction under an applied electrical field (potential gradient).
Osmotic-pressure effect-An enhancement in the velocity of the central ion, in the direction of the applied external field, as a result of more collisions on the central ion from ions behind the central ion than from ions in front of it.
Viscosity effect -An alteration in the velocity of a given ion as a result of the contribution to the bulk viscosity owing to the ions of opposite charge.
This effect applies to ions of large size.
Walden's rule, A0170-Walden's rule states that the product of the limiting equivalent conductance of an electrolytic solution, A 0 , and the viscosity of the solvent, 170, in which the solute (or electrolyte) is dissolved is a constant at a particular temperature. Walden's rule is an approximation which would be valid only for ions which behave hydrodynamically like Stokes spheres in a continiuum (see later for Stokes Law).
Debye-F alkenhagen effect -The increase in the conductance of an electrolytic solution produced by alternating currents of sufficiently high frequencies over that observed with low frequencies or with direct current.
Wien effect-The increase in the conductance of an electrolytic solution produced by high electrical fields (potential gradients).
Dissociation-field effect -The increased dissociation (or ionization) of the molecules of weak electrolytes under the influence of high electrical fields (potential gradients).
Ionophores-Substances, like sodium chloride, which exist only as ionic lattices in the pure crystalline form, and which when dissolved in an appropriate solvent give conductances which change according to some fractional power of the concentration. Such solutions possess no neutral molecules which can dissociate, but may contain associated ions.
Ionogens -Substances, like acetic acid (HAc), which, although in the pure state are nonelectrolytic neutral molecules, can react with certain solvents to form products which rearrange to ion pairs which then dissociate to give conducting solutions. As an example: HAc + H20^HAc'H20 *±H;i0 + • Ac-^H 3 0+ + Ac-
General Considerations
Three factors cause ions to move in a medium in which they may exist. These are (1) thermal motion of a random nature, (2) flow of the medium as a whole, and (3) forces acting on the ions. The last may be internal or external or both. Internal forces may arise from concentration gradients, velocity gradients (which produce tangential stresses in viscous flow), temperature gradients (Soret effect), and electrostatic forces due to the ions themselves.
External forces may be produced by pressure changes, gravitational fields, or the application of an electric field. Ions in an electrolytic solution are neither created nor destroyed during their motion under a dc field, i.e., they follow the equation of continuity, analogous to the equation of continuity in hydrodynamics which states that matter is conserved in liquid flow. In moving through a medium, ions must overcome friction whatever may be its cause. If an ion has a mobility of u\, its velocity i>, under a force 3F will be SF uu Since the coefficient of friction of the ion, p\, equals l/ui, the ionic velocity under the force 3F is given by tF Ipu The "absolute" mobility of a body in the Systeme International d' Unites (SI) and MKSA systems of units is the velocity in m per s attained under a force of 1 N; in the cgs system of units the "absolute" mobility of a body is the velocity in cm per s attained under a force of 1 dyne. In practice, however, when dealing with ions, the unit of force is taken as a unit potential gradient acting on a unit charge. Letting Ui denote "absolute" mobility of an ion and u{ "electrical mobility", the velocity attained by an ion under unit potential gradient is: Ui = u'J \zi\e = Nu[l \zi\F (2.1) where N is Avogadro's constant and F the Faraday.
Since the ionic equivalent conductance, denoted by A,-, is equal to Fu\ eq (2.1) may be written:
The "electric mobility" is directly proportional, therefore, to the "absolute" mobility and the applied potential gradient. Since 1 V = [1/299.7925(1)] esu of potential (cgs system) and the elementary charge e = 4. 80298(7) X 10 -10 esu of charge, a field of 1 V/cm exerts on an ion a force of 1.60210(3) In the treatment of electrolytic conductance at any selected constant temperature presented here, it is assumed that internal and external forces acting on the ions are restricted to electrostatic forces between ions, the virtual forces due to local concentration gradients produced by interionic forces, and an applied electrical field.
General Laws
In dealing with electrolytic conductance the following must be considered:
(1) Coulomb's law for charged bodies: This law states that the force, 3F between two charges, ei and e 2 , directed along a line between the charges, is directly proportional to the magnitude of the charges and inversely proportional to the square of the distance, r, of their separation. If a material medium is present the force is weakened. This law may be represented by & = (eie 2 /e r 2 )ri (3.1) where n is the unit vector in the direction from e\ to e 2 and e denotes the dielectric constant of the material medium.
(2) Poisson s equation relating the electrostatic potential to charge distribution: This law states that for any point (ion) in a medium located by three space coordinates, the divergence of the gradient of the potential, TV is proportional to the charge density at that point (ion). This law, in cartesian coordinates, may be represented by div grad^°= V * Vf°=V 2 l f0 = =:^(
3.2)
where e again is sthe dielectric constant of the medium, and p c is the average charge density.
(3) Stokes law: This law states that the velocity, v, of a sphere of radius, r, moving under a force cF in a medium will be inversely proportional to the viscosity, 17, of the medium and the radius of the sphere. This law may be represented by v = SFj()TTr)r (3.3) For ions moving under an electrical force, JV, this equation becomes Vi -^e l6 , trv r i~^Cziel^irqri (3.4) where X is the vector electric field in the x direction, Zi the ionic valence, and e the elementary charge. (4) Oseen law: This law is for a volume force rather than the directional force of Stokes law. This law may be represented by d\= [d&F+ (d& * r)r/r 2 ]/87n7r (3.5) which gives the velocity dx produced by a volume force d&T (acting at the origin), at a point located by the vector r in a medium whose viscosity is 77.
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For ions moving under an electric force, the volume force is replaced by the electrical force, and the velocity of the ion is taken in the x or field direction.
Conductance Relations
Since electrical conductance, cr, is the reciprocal of electrical resistance, R, it may be expressed as
The conductivity data given in this monograph are based on (or referred to) the standards of Jones and Bradshaw [l] 1 , i.e., their data were used in determining the cell constant of conductance cells. Jones and Bradshaw with great care measured the specific conductance of aqueous solutions of potassium chloride at three different concentrations and three different temperatures. Their specific conductances (reported in international electrical units) are given in table l 2 , corrected to absolute electrical units. The conversion from international to absolute units was made using the relation [2] :
The resistance of a homogeneous substance of uniform cross-sectional area, A, and length, /, is given by R -R S p where R sp is known as the specific resistance (or resistivity). R sp is a characteristic of a substance under given physical conditions and is numerically equal to the resistance between opposite sides of a cube of the substance, one centimeter in each direc- where cr sp is the specific conductance (or conductivity) in units of U _1 cm -1 or mho cm -1 .
In terms of Ohm's law ( E=iR ) the specific conductance is given by o-S p= HE a O-1 cm-' (4.4) where i is the electric current and E a , the potential applied to a centimeter-cube sample of the conductor, the conductance being measured between a pair of opposite faces of the cube.
Since conductance cells are not normally constructed with uniform cross section and length, eq (4.3) cannot be used to compute cr sp from measurements of cr. Instead the cells are calibrated with a conducting solution whose cr sp has been measured when A and / are uniform and accurately known; this cr sp may be represented by (cr sp) g where the subscript s denotes standard. Then eq Jones and Bradshaw gave their results in terms of a "demal" solution. A "denial" solution is defined as a solution containing a gram mole of salt dissolved in a cubic decimeter of solution at zero degrees Celsius. In calculating the value of "demal" they used the atomic weights of 1933.
Fortunately they also gave the grams of KC1 added to 1000 g of solution and no change is necessary in their values of the specific conductance as a result of changes in atomic weights to the unified 12 C scale of atomic weight (the specific value of their "demal" solutions differs but not the number of grams added to 1000 g of solution).
Although specific conductance is useful in comparing metallic conductors, it has little direct importance in dealing with solutions. As the concentration of solutions may be varied at will, comparisons of the conductances of solutions containing equivalents or fractions therefore are more significant. Equivalent conductance is defined by:
where c is in equivalents per liter. The factor 1000/c replaces A/l in eq (4.3), and, therefore, the equiva- 4 lent conductance is the conductance of that amount of an electrolytic solution which contains one equivalent of solute (or electrolyte) when placed between parallel planes 1 cm apart and of sufficient area to retain the volume expressed in liters of solution; the conductance is measured normal to the planes.
The equivalent conductance may also be expressed in terms of Ohm's law by the electrophoretic and relaxation-field effects in particular in a hydrodynamic and electrostatic continuum concluded that A should vary linearly with the square root of c in dilute solutions. Somewhat later Onsager [4] improved on their model by including the thermal movement of the reference ion, and considering ions as point charges obtained the relation: A = ---1 cm 2 equiv 1 (4.9) ri <|C Accordingly, the equivalent conductance is numerically equal to the current in amperes that would pass through such a solution if a potential gradient of 1 V were applied across the electrodes, all disturbing effects being absent.
If the manner of dissociation (or ionization) of the solute constituting an electrolytic solution is not known, the molar conductance rather than the equivalent conductance is used. It is defined by A m = cr sp (1000/ra)n -1 cm 2 mol -1 (4.10) where m is the gram moles of solute (or electrolyte) dissolved in 1000 cm 3 of solution.
The equivalent conductance of an individual ion \i is given by (+ ion taken for example):
A.+ -Fu+Cl~l cm 2 equiv -1 (4.11) where F is the Faraday and uthe ionic mobility. The equivalent conductance of a binary electrolyte is equal to the sum of the individual equivalent conductances of the ions, or, A= A.+ + X--F(u+ + u_)fl -1 cm 2 equiv -1 (4.12) Since the transference number of an ion is given by where /, the ionic strength, is equal to (c/2) (v+z^+ v-zl.) and v+ and Vare the number of positive and negative ions in one molecule of electrolyte, respectively. For uni-univalent (or 1-1) electrolytes, eq (5.1) may be simplified to:
co this theory were calculated from J(a), discussed later.
Values of E i and E 2 for temperatures from 0 to 100°C are given in table 4 for 1-1 electrolytes.
Differences in the values of B\ and Bo and of E\ and E 2 from those given if the values of the dielectric constant of water determined by Owen, Miller, Milner, and Cogan [12] are used instead of those of Malmberg and Maryott are given in tables 5 and 6, respectively.
Later, Fuoss [lb, 17] extended eq (5.6) to associated electrolytes (associated ionophores) and gave: The equation of Onsager is generally referred to as the limiting law for equivalent conductance. It gives the tangent to the conductance curve at zero concentration.
In 1932, Onsager and Fuoss [13] recalculated the electrophoresis term, using charged rigid spheres to represent ions and later Fuoss and Onsager [14] (see also Fuoss and Accascina [15] ) by also considering ions as charged spheres rather than poipt charges and with the retention of higherorder terms in treating the relaxation-field effect obtained for 1-1 electrolytes:
where B 1 and B 2 have the same significance as given above, and II > 0 1 ro (5.7) where = 2.302585 /c 2 a 2 6 2 /24c (5.8) and £ 2 = 2.302585 ko6R2 /16c m (5.9) and a function J(a), discussed later, where b = e 2 laekT (5.10) where (1a) is the fraction of an ionophore associated in ion pairs and related to the association constant by the mass action equation:
(1a) = K A o. 2 cy 2 l mol -1 (5.12) where y c is the activity coefficient, generally obtained by some theoretical equation [18] , such as: log yc =c V7/(l +B c a V7) (5.13) where / is the ionic strength, a, as before, is the "distance of closest approach of the ions" and A c and B c are theoretical constants, the values of which are given from 0 to 100°C in table 7 (the subscript c means that y,A, and B are on the volume basis). The Arrhenius hypothesis that a -A/ A,- (5.14) where A, is the equivalent conductance of the free ions, is used to calculate a. Equation 5 .11 is used to determine approximate values of A,-by first taking a = A/A 0 and then successive arithmetical approximations are carried out until self-consistent values of A, and a are obtained for each concentration. [19] using the Bjerrum [20] theory for ion pairs gave Denison and Ramsey [21] used a Born cycle to show that Ka should be a continuous function of eT and for a 1-1 electrolyte obtained: and a is the "ion-size" parameter (actually a " _ t u\ 1 cancels in (5.8) and (5.9) ). Values of a, according A -A^expf ) mo (5.16) 6 t where K' A was given unit value by neglecting dimensions or taking K' A as 1 liter per mole. Later, Gilkerson [22] using Kirkwood's [231 partition function obtained: Ka = K°A ex p ( b ) / mol -1 (3.17) where K°A included the effect of solute-solvent interaction and the free volume of the solute. In 1958, applying Boltzmann's distribution to the problem and considering the solvent as a continuum, Fuoss [24] obtained: =S) exp(6,/moH ,5 ' 18) For the halogen acids in water, considered in this document, it was not necessary to include a consideration of Ka ; accordingly, numerical values of Ka as a function of a are not given here.
Fuoss and Kraus
The method of determining a for ionogens is discussed later.
At a later date Fuoss, Onsager, and Skinner [25] retained the Boltzmann factor explicitly in its exponential form and introduced the dimensionless variable, r, which is the ratio of the Bjerrum distance, near which most ion-pair distribution functions have a minimum, and the Debye-Hiickel distance, 1 /k. This variable is a rational reduced variable for the description of electrolytic solutions; two solutions at different dielectric constants would be equivalent electrostatically; for example, their activity coefficients and relaxation fields would be identical. The variable r is equal to [6(0.4342945) £V] 1/2 . With these changes, Fuoss and Onsager obtained: [26] and the c 1/2 term in the dielectric-constant expression of Debye and Falkenhagen [27] lead to a term linear in c. Accordingly, the coefficient of the c term may be complex consisting of a number of factors. In 1969 Chen [28] considered the interaction between the relaxation field and the electrophoretic flow which Fuoss and Onsager had omitted. Chen found that this consideration lead to an additional term of the order of c log c with the result that the coefficient of c log c term in eqs (5.19) and (5.20) becomes F 1 A 0 -2E 2 and the coefficient L(a in eqs (5.19) and (5.20) (as well as the J(a) coefficient in eqs (5.6) and (5.11) ) acquire a different functional form from that published by Fuoss, Onsager, and Skinner [25] in 1965. Since the L(a and J(a) functions now have only historical interest, numerical tables for them are not included here. The final conductance equation then has the form:
for highly dissociated electrolytes and
for associated electrolytes or associated ionophores.
As of this date, k e is considered an empirical constant, although its value will be related to the "ion-size" parameter.
A method [29] of obtaining A, and thus a for iono gens may be illustrated as follows: A, is obtained using the Kohlrausch principle of independent ion migration and the assumption that solutions of alkali salts and inorganic hydrogen acids are totally unassociated into ion aggregates at all concentraknown a priori. Values of a and A,-of ionogens may also be obtained by a series of successive approximations using the procedure discussed for ionophores.
For dilute solutions the limiting law of Onsager is used. Values of a at higher concentrations may be obtained if the E and higher coefficients are known.
As a start these may be estimated and then iteration is made until values of a, A,-, E , and the higher terms are self consistent.
In many cases, complex ionic equilibria exist in aqueous solutions and it is not possible to categorically cover all of these in a general fashion. Instead each case will be considered individually where necessary, as, for example, for HF considered later in this document.
A somewhat more detailed treatment of the Debye-Hiickel-Onsager-Fuoss theory of electrolytic conductance is given in appendix A.
The temperature range has been limited since wax or wax lined cells had to be used owing to the corrosiveness of HF. This situation could be remedied, today, by using polyethylene containers or other containers of plastic. The data in the literature on HF have been reported on various concentration scales, namely, mole percent, weight percent, volume dilution, etc. These data were all converted to the molarity basis using available data on the density of aqueous solutions of HF.
The density data were fitted to polynominals. the constants for which are given in appendix B.
The dissociation of HF is controlled by the two equilibria:
Determination of A 0
The method outlined by Fuoss and Accascina [15J was followed, where possible, in determining A 0 .
As a start the Shedlovsky [30] function A" given by are plotted against c and the intercept at c = 0 gives A 0 with the slope giving the empirical constant, k e .
In some cases the procedure must be iterated until consistent values of A 0 (between (6.1) and ( where a, c, and y denote, respectively, the activity, concentration, and activity coefficient of the species denoted by the subscripts. If we let y and y2 be the ratios, respectively, of the concentrations of F _ and HFy to the stoichiometric concentration.
C, of HF, and assuming, as a start, that all activity coefficients are unity, we have: The approximations given in eqs (7.5) and (7.6) are obtained by setting 1 -7-273= 1. Now the observed conductance of HF is given by:
where Ao is the sum of the limiting equivalent conductances of H + and Fand A 0 is the sum of the limiting equivalent conductances of HF .7 and H + .
Solving the approximate versions of eqs (7.5) and (7.6) for y and y 3 and substituting in (7.7) gives:
A ( 1 -h c/A-) 1/2 = ( A" VK/Vf + (\o y/~K I k) Vc n-J cm 2 equiv -1 (7.8) This equation may be converted to a linear form [35] by multiplying by Vc, adding and subtracting cAoV^/A to the right side, dividing by (l + c/A) 1/2 , squaring both sides, and simplifying; these steps lead to:
AlKc/kQ,~2 cm 4 equiv -2 (7.9) At low concentrations the term ( 1 -Ao/Ao) 2 / ( 1 + k/c) vanishes while at high concentrations it approaches
Therefore, this may be neglected when Xo/A 0 is sufficiently close to unity to render (1 -X 0 /A 0 ) 2 negligible with respect to (2X 0 /A 0 -1). Accordingly, equation 7.9 reduces to:
If we now introduce the ionic activity coefficient, y, and the ionic mobility coefficient, m' we have:
1-A/Ao
A %K (2AqAq -A ) K (7.11) Values of y and m are given, respectively, by: log y = -A c VcA/Ao (7.12) and m ' = 1 -(Z?iAo + B>) A 7 1 VcA/Ao (7.13) where A c is the Debye-Hiickel constant, given by: (7.14) and B\ and B> are the Debye-Hiickel-Onsager constants given, respectively, by eqs (5.4) and (5.5) and
A c is the Debye-Hiickel constant in eqs (5.13 ), values of which are listed from 0 to 100°C in table 7. A plot of values of the left side of eq (7.11) [41] yield 405.0 for Ao for HF
(their values were converted to absolute units here). Erdey-Griiz, Majthenyi, and Kugler [42] using Shedlovsky's [43] A 0 values for HC1 and NaCl and their value for NaF obtained 405.04 on the old Parker conductivity standard which becomes 405.09 on the Jones-Bradshaw standard. Using 126.39 for A 0 for NaCl [41] , 105.43 for Ao for NaF [42] , and 426.06 for Ao for HC1 (see later in this document)
gives 405.10 for Ao for HF; this value was selected here as the most reliable value for A 0 for HF at 25°C.
Wooster [35] [37] , Fredenhagen and Wellmann [34] , Thomas and Maass [44] , Ellis [45] , and Erdey-Griiz, Majthenyi.
and Kugler [42] . Thomas and Maass reported their results to only one decimal place and Erdey-Griiz et al. only for very dilute solutions; the latter's data also appear low on a plot of eq (7.11) . The data of Deussen, Fredenhagen, and Wellmann, and of Ellis agree within their experimental uncertainty and were fitted to eq (7.11 ). Data at 16 and 20°C were obtained only by Roth [36] while data at 18°C were obtained both by Roth [36] and Hill and
Sirkar [31] . The data of Hill and Sirkar, however, were very much lower than those of Roth and were inconsistent with the data obtained by other experimenters at other temperatures. For 0°C, data were obtained by Deussen and Hill and Sirkar; the latter data showed erratic changes with concentration and Deussen's data at 0°C were, therefore, selected as the more reliable.
All of these data were fitted to eq (7.11) . From a plot of the values of the left side of eq (7.11) against c(l-A/A 0 ), shown for 25°C for example in figure 1 , the values given in table 9 were obtained for K and A. The s x values, given in table 9 . are the standard deviation with which eq (7.11) was fitted over the concentration range of 0.004 to 1.0 N for 0°C; of 0.006 to 0.2 N for 16. 18. and 20°C; and 0.004 to 1.0 N for 25°C. may be expressed, respectively, by:
(1 -A/A 0 ) =ji+j[ log C (7.16) and (y) 2 (l-A/A 0 ) 2 = 72 +y; log C (7.17) The s x values are the standard deviations with which eq (7.18) was fitted over the concentration range of 0.004 to 1.0 M for 0 and 25°C and for 0.006 to 0.2 M for the other temperatures.
Values of the equivalent conductances of HF for rounded concentrations are given in table 10. Values at other concentrations, within the ranges given, may be calculated from eq (7.18) .
Therefore, eq (7.15) may be written:
n-1 cm 2 equiv -1 (7.18)
HC1
(a) Data at 25°C. The equivalent conductances of HC1 at 25°C have been reported by Ruby and Kwai [46] , Hlasko [47] , Howell [48] , Shedlovsky [43] , Saxton and Langer [49] , Owen and Sweeton [50] , Klochko and Kurbanov [51] , Stokes [52] , and Murr and Shiner [53] . Of the earlier data given in the International Critical Tables only the data of Hlasko and Howell are considered here; their data were the most recent and were for higher concentrations where there is a sparsity of data.
It was necessary to divide the data into four con- O-OMl a-' cm 2 eqiiiv~x 0.05 [43] , [49] , [50] , [52] , [53] 0 . 01 -0.1 .14 [43] , [46] , [47] , [49] , [50] , 0. 1-3.0
.10
[52] [50] , [51] , [52] 3.0-11.6
.15 [47] , [48] , [50] , [51] The s x values are the standard deviation with which the following equations fit the experimental data: Since s x for the A 0 value obtained from the data of Murr and Shiner was the lowest their A 0 value was selected (evident on reference to eqs (7.20) to (7.23) ).
The equivalent conductances of HC1 at rounded concentrations at 25°C, and the experimental range covered, calculated by eqs (7.20) to (7.23) , are given in table 11.
(b) Data at other temperatures. Values of the equivalent conductance of HC1 at -20, -10, 0, 10, 20, 30, 40, and 50°C, given here, are based on the data of Haase, Sauermann, and Diicker [54] , except that at 50°C the values in the dilute range (0 to 0.01 M) were derived from the results of Cook and Stokes [55] . Values at 5, 15, 35, 45, 55, and 65°C are based on the results of Owen and Sweeton [50] .
These results were consistent with those obtained at 25°C and discussed above. Values of the coefficients of eqs (7.24) and (7.25) and the concentration value over which they apply are given in table 12. The 5 values given in column 9 are the standard deviations of the fit. HBr (a) Data at 25°C. Data on the equivalent conductance of HBr at 25°C are based on the measurements of Dawson and Crann [56] . Hlasko [47] , and Haase, Sauermann, and Diicker [54] . Only the last mentioned are recent data. As with HC1 the data were divided into concentration ranges (in this case three) to obtain reasonable least square fit of the data with the equation: A = A 0 -Sc ll2 + Ec log c + Ac + Be 312 + Cc 2 + Z)c 5/2 0 _1 cm 2 equiv -1 (7.26) The c In c term was not required above 0.01 M, and for the dilute range the c 5/2 term was negligible.
The concentration ranges with the conductance equations follow (the s values are the standard deviations of the fit): 0.0000 -0.014/ (5 = 0.09; references [47, 56] [57] and the other by Heydweiller in 1909 [58] . For 25°C, the work of Ostwald in 1903 [59] , of Washburn and Strachan in 1913 [60] , and of Strachan and Chu in 1914 [61] were cited. Ostwald's results were thrown in doubt when Bray and Hunt [62] showed that his data for HC1 were in error by about 3 percent and presumably his data on HBr were also questionable.
Washburn and Strachan's data were nullified by analytical errors made in establishing the concentration of the solutions; Strachan and Chu corrected their data. Only three references to work on HI were found that had not been listed in ICT.
Two of these contained the same data. Hlasko and Wazewski [63] and Hlasko [47] . The third one was by Haase et al. mentioned above [54] . Solutions of HI may also contain traces of iodine although the experimenters made attempts to prevent HI decomposition. The equivalent conductances of HI at rounded concentrations for 25°C and for the experimental range covered, as calculated by eq (7.33) , are given in table 16 . measurements of Haase, Sauermann, and Diicker [54] , The equivalent conductances of HI at rounded concentrations for these temperatures and for the experimental range covered are given in table 17 . The data in each case, except below 0°C, were fitted to eq (7.31) . Below 0°C the empirical equation used for HC1 and HBr, namely, eq (7.25) was used except that the c 4 , c 5 , and c 6 terms were not needed at -20°C and the c 5 and c 6 terms were not needed at -10°C. The equations derived for each temperature are listed in table 18; the s values given in the footnote refer to the standard deviation of the fit of the equations.
Conclusions
In According to the Debye-Hiickel theory of electrolytic solutions, in the electrostatic effect between ions, the discrete charge distribution is replaced by a continuous charge distribution, or charge density, p(r), or "ion atmosphere" which is a continuous function of r, the distance from a reference ion. The "ion atmosphere" extends from r-a to r=0(V 1/3 )w here V is the volume of the system, and acts electrostatically somewhat like a sphere of chargee at a distance k _i from the reference ion of charge + e. The distance k -1 is considered the thickness of the "ion atmosphere". Thermal or Brownian motion of the ions will tend to disturb this distribution but not entirely so, and Debye and Hiickel used the Boltzmann principle to express the ionic distribution as a function of the ratio of the electrical and thermal energies.
The localized concentration of a given species of ions is equal to the average or bulk concentration of that species multiplied by the exponential function exp (-U/kT ) where U gives the potential energy at the point under consideration. If we have a solution containing Ni ions of species i(i -1 , 2 for simple ions and 1,2 . . .5 for electrolyte mixtures) in a volume V, the localized (average) concentration riji of ionic species i in vicinity of ionic species j is given by
where ni = Ni/V. The potential energy t/p of an i-ion with charge z,e near a 7 -ion is given by z/eT]' where e is the elementary charge, z; the valence of an i-ion, and TT is the electrostatic potential at the location of the i-ion, stated in terms of a spherical coordinate system with the origin at the location of the 7 -ion (or reference ion). The thermal energy is given by kT. Since f/ = z,e x Bj ) eq (A.l) may be written: Debye and Hiickel resolved this dilemma by restricting the application to dilute solutions where the ionic potential energy is small compared with the thermal energy (see eq (A. 7) below The evaluation of A rests on the principle of electroneutrality. The total charge in the space around a given charge ej must be exactly equal to this charge but of opposite sign. The total charge is obtained by integrating the density over the entire space around thus m= (A. 12) where 47ri^dr is the total volume of the shells in the "ionic atmosphere" around the central ion. The integration is from the "distance of closest approach" of the ions given by the sum of the effective radii of the ions in "contact" to infinity. Since from At the distance of closest approach r~dj, so that )'(r) where the first term on the right is the potential at the surface of the ion due to the charge on the ion itself and is independent of the concentration.
The second term on the right is that portion of 4^(r) due to the "ionic atmosphere" and is dependent on the concentration through the value of k.
In the foregoing we have considered electrolytic solutions in the absence of external fields. We shall now consider such solutions when subjected to potential gradients as encountered in electrolytic conductance. In the first place, ions are neither created nor destroyed during their motion under a dc field in an electrolytic solution (this is known as the equation of continuity analogous to the equation of continuity in hydrodynamics which states that matter is conserved in liquid flow). In the second place, we have two main effects as a consequence of the interactions between ions: the reldxdtionfield effect and the electrophoretic effect. When an electrolytic solution is subjected to a potential field the "ionic atmosphere" leads to these two effects.
When the "ionic atmosphere" is unperturbed, i.e., not exposed to an applied electrical field or shearing force tending to cause ions to move relative to the solvent it is assumed to have spherical symmetry. However, when the ion is caused to move under an applied electrical field the spherical symmetry of the "ionic atmosphere" is disturbed. If a particular kind of ion moves to the right, for example, each ion will constantly have to build up its ionic atmosphere to the right while the charge density to the left gradually decays. The rate at which the atmosphere to the right forms and the one on the left decays is expressed in terms of a quantity known as the time of relaxation of the "ionic atmosphere." The decay occurs exponentially and the return is asymptotic to the original random distribution. The time required for the "ionic atmosphere" to fall essentially to zero is given by 4 qd where 6 is the time of relaxation and q is defined by z+z-/ A.+ + X-\ z+ + \z+X+ + Z-\~) (A.19) with z+, z-, k+, and having the same significance as given previously. where uf is the "absolute" mobility of the ion.
Since the product eie2 is negative, the relaxation field opposes the external field.
The other factor, the electrophoretic effect, arises from the tendency of the "ionic atmosphere"
shell to move with its associated solvent molecules under an applied electrical field in a direction oppo- where bulk concentrations are denoted by nj and n s. At a distance r from the central ion and within a volume element, dV, the localized concentration for the ion will differ from the bulk concentration and the directed ion force near a 7 -ion will be^njjkjdV which differs from the gross volume average force mk\dV because of the i 7 -ion concentrations within its vicinity (see later).
For the solvent molecules, the force remains unchanged and is given by n s k"dV for the volume ele- where ki is replaced by the electrical force, Ae,. Debye and Hiickel originally considered that this force imparted a velocity to the reference ion which they assumed followed Stokes law (eq (3.4)) for a rigid sphere having a radius = b (hydrodynamic radius). Later Onsager considered that the force (eq (A.28)) imparted a velocity to the reference ion and its atmosphere which he assumed followed Stokes volume equation: dvj' -d^ffjriqr (A. 29) where p is the viscosity of the medium and the average radius = r, thus eliminating the hydrodynamic parameter b (see also Fuoss and Accascina [15] , p. 164). The total velocity, At;/, produced by all the ions in the atmosphere on the 7-ion is then given by the integral of the combination of eqs (A. 28) and (A. 29) from the "distance of closest approach" of the ions, a, to infinity, or: 2ziz2 ql{l + Vq) we have: Multiplication of the numerator and denominator of (A. 32) by k and substitution in the denominator of the value for k 2 given by (A. 8) give for Av" Av" = -XejKl6Trr)(l + Ka) (A. 33) which is the original result presented by Onsager. (See also eqs (5.4) and (5.5) ). Equation (A.44) is the limiting law of Onsager.
The Onsager equation, as stated above, gives the tangent to the conductance curve at zero concentration; it is based on point charges as the model for the ions. In 1932, Onsager and Fuoss recalculated the electrophoresis term, using charged rigid spheres to represent the ions. For symmetrical electrolytes the electrophoretic term BoC 112 was replaced by BoC 112 1 (1 + Ka) Later in a series of papers Fuoss and Onsager gave a more compre-hensive treatment in v,nich they retained the higher terms in the Boltzmann factor and the equation of continuity and gave a list of numerical values for certain transcendental functions related to the exponential integral functions. In their comprehensive treatment they considered ions as charged spheres rather than point charges, included the osmotic-pressure and viscosity effects, and used Oseen's equation for the volume force rather than Stokes' equation for directional force to obtain the ionic velocity in the field direction. A rather complicated expression for the electrophoretic term resulted; it was shown however, by Fuoss and Hsia that the function could be closely approximated up to about 0.1 M for 1-1 electrolytes in water by the 1932 result of Onsager and Fuoss. In 1969 Chen found that Fuoss and Onsager had omitted an interaction between the relaxation field and the electrophoretic flow, which leads to an additional term of the order of c log c with the result that the coefficient of the c log c term in eqs (5.6) and (5.11) of the main text becomes FiA 0 -22? 2 and the L(a function (see eqs (5.19) and (5.20) ) acquires a dif ferent functional form 1 from that published in 1965
The replacement of E 2 by 2Eo has little effect on the values of the limiting conductance obtained by extrapolation because E 2 is small compared to E 1 Ao. The final equations resulting from the theory are eqs (5.21) and (5.22) [4] Fuoss, R. M., and Onsager, L., J. Phys. Chem. 66, 1722 (1962) ; 67, 621, 628 (1963); 68, 1 (1964). [5] Fuoss, R. M., Onsager, L., and Skinner, J. F., J. Phys. Chem. 69, 25_81 (1965) . [6] Fuoss. R. M., and Onsager, L., Proc. Nat. Acad. Sci., U.S. [7] Fuoss, R. M., and Onsager, L., J. Phys. Chem. 61, 668 (1957) . [8] Fuoss, R. M., J. Am. Chem. Soc. 79, 3301 (1957) . [9] Fuoss, R. M.. and Onsager, L., Proc. Nat. Acad. Sci., U.S. 47, 818 (1961) . [10] Onsager, L., and Fuoss, R. M.. J. Phys. Chem. 36, 2689 (1932) .
[11] Onsager, L" Physik. Z. 27, 388 (1926) ; 28, 277 (1927) . [12] Debye, P" and Hiickel. E.. Physik. Z. 24, 185. 305 (1923) .
[13] Fuoss, R. M., and Hsia, K. L., Proc. Nat. Acad. Sci., U.S. 57, 1550; 58, 1818 (1967 astandard deviation of 1 it to equation 18°C -E. G. Hill and A. P. Sirkar 31] * -X 10 6 20°C -F. Winteler [33] 0°C -E. G. Hill and A. P. Sirkar [31] 25°C -K. Fredenhagen and M. Wellmann [34] 15°C -L. Domange [32] 12. Appendix C. Use of the Systeme International d'Unites In 1964 the National Bureau of Standards adopted the International System of Units (abbreviated SI for Systeme International). This International System of Units was defined and given official status in a resolution of the 11th General Conference on Weights and Measures which met in Paris in October 1960. The SI is based on the meter (m) as the unit of length; the kilogram (kg) for mass; the second (s) for time; the ampere (A) for electric current; the Kelvin (K) for temperature; and the candela (cd) for luminous intensity. Of these units, those for mass, length, time, and temperature are independent; that is, a definition of one does not depend on definitions of others. However, the ampere and the candela involve other units in their definition. For example, the ampere involves the units of length, mass, and time and is defined as the magnitude of electricity that, when flowing through each of two long parallel wires separated by one meter in free space, results in a force between two wires (owing to their magnetic fields) of 2X10 -7 newton (N) (kg m s -2 ) for each meter of length. The candela needs not concern us here.
As has been customary heretofore in dealing with the electrolytic conductance of solutions, the cgs (centimeter-gram-second) system of units was used in this paper. In converting to the SI system the following changes are required:
General-The unit of length is changed from the centimeter to the meter, the unit of mass from the gram to the kilogram, the unit of force from the dyne to the newton, and the unit of energy from the erg to the joule (J). Concentrations are then expressed in kilomoles or kiloequivalent per cubic meter. The ionic velocity (t>) is given in m s _1 rather than cm s _1 and the "electrical mobility" of an ion see page 3) would be the velocity attained by an on under a unit of potential gradient of 1 V per meter rather than 1 V per centimeter. Accordingly, equivalent conductances would retain the values commonly used, but with the unit being m 2 0 _1 kequiv -1 . The elementary charge is also given in coulombs rather than in electrostatic units and ion sizes are expressed in fractions of the meter rather than in angstroms.
Theoretical constants in the expressions for equivalent conductances and activity coefficients -In converting to SI, the following changes are required:
( (2) Since the unit of charge is not defined through Coulomb's law on SI, e is replaced by e/ (47reo) 1/2 in all equations where e appears. The constant, eo is known as the permittivity of free space and has the value 8. Here as in the text, the numbers in parentheses represent established limits of error. [6] ; International Critical Tables [7] . b J. F. Swindells, J. R. Coe, and T. B. Godfrey [8] , R. C. Hardy and R. L. Cottington [9] ; and J. R. Coe and T. B. Godfrey [10] . c C. G. Malmberg and A. A. Maryott [11] . 
Tables

85
.2627(1) 169.95 (4) 
90
.2662(1) 179.99 (4) 
95
.2698(1) 191.32 (4) (5) 3 Note that 2E2 is involved in the final conductance equations (eqs (5.21) and (5.22) ).
b The numbers in the parentheses give the ± uncertainty in the last decimal arising from the uncertainties in the physical constants. (5.21) and (5.22 ). [36] 18 361.7 W. A. Roth [36] 18 364 E. G. Hill and A. P. Sirkar [31] 20 374.2 W. A. Roth [36] 25 393.2 E. Deussen [37] 25 399 R. Wegscheider [38] 25 397.3 H. Pick [39] 25 400.2 C. W. Davies and L. J. Hudleston [40] 25 400.2 K. Fredenhagen and M. Wellmann [34] 25 404 W. A. Roth [36] 25 404 C. B. Wooster [35] a The dimensions of the coefficients are such that their product with the appropriate power of c is cm 2 equiv -1 . 6 The c log c term was not used for temperatures of 0, 10, 20, 30, and 40°C because data were not available below 0.5 N. c Equations also given in text. 14. Glossary of Symbols a, activity; also ion size, "ion-size" parameter, or "distance of closest approach" of ions. b, Bjerrum ion parameter in conductance (see eq. (5.10)). A', A", integration constants (see equation (A. 11 )).
A c , coefficient in the limiting law of Debye and Hiickel for activity coefficients, on molar basis (see table 7) .
A, B, C, D, E, F, G, constants in polynomials.
B\, coefficient of the relaxation term in the theory of conductance (see table 3 ). By, coefficient of the electrophoretic term in the theory of conductance (see table 3 ).
B r , coefficient of ion-size term in the Debye-Hiickel theory for activity coefficients, on molar scale (see table 7 ).
C, stoichiometric concentration.
E, constant in Fuoss-Onsager theory of conductance.
Ei, constant needed to calculate E (see table 4 ). E 2 , constant needed to calculate E (see table 4 ).
E", applied potential. F, Faraday. 
